Abstract The use of fertilizer and water availability are essential factors limiting the agricultural production. The controlled release technology is very promising because it allows the maintenance of fertilizer concentrations within an ideal range avoiding inefficiency and toxicity problems, minimizing the environmental impacts and improving their efficiency. In this context, the nanostructured hydrogels appear as a possible carrier vehicle for these controlled release systems due to their inherent properties, such as biodegradability, low toxicity, and cost, rapid absorption and desorption controlled capacity of water and solutes. In this work, we performed the synthesis of nanostructured hydrogels based on poly(methacrylic acid) (PMAA)/Cloisite-Na ? via free radical polymerization. SEM images indicated a similarity in the basic structure of all nanocomposites. The porous diameter of the hydrogels increased with increasing of nanoclay content. EDS analysis showed the ions belonging to nanoclay present in the nanocomposites, confirming the formation of true nanocomposites. TG-DTG and DSC techniques confirmed an improvement in the thermal stability of nanocomposites caused by the addition of nanoclay. For instance, the degradation initial temperature of the hydrogel was increased from 198.5 to 203.5°C, and inversely, the degradation rate of the 2°thermal event was decreased from 0.694 to 0.472% min°C -1 , when the nanoclay was increased from 0 to 20 mass/%. Moreover, the controlled release investigation showed an improvement in the release time and quantity of the fertilizer released with nanoclay content. This result is very required for this specific application.
Introduction
The controlled release system (CRS) was initially developed to study of drugs [1, 2] . In recent decades, the CRS is also used in formulations in agriculture. These systems are used to optimize the availability of some input in the soil. For instance, approximately 40-70% of nitrogen, 80-90% of phosphorus and 50-70% of potassium applied to the soil are lost by leaching and do not reach the plants, which not only increases costs but also leads to environmental pollution [3, 4] . In this way, CRS keeps the concentration of the substance within the minimum and maximum efficiency levels for the desired period with a single dose. The replacement of conventional formulation pesticide over CRS not only helps to avoid the remediation with excessive amounts of hazardous substances but also offers a good solution to this remediation [5, 6] .
A variety of hydrogels have been employed as a carrier vehicle for agricultural CRS, such as pesticides and fertilizers, due to their intrinsic characteristics, such as low cost [7] , biodegradability and non-toxicity [8, 9] . Typically, the hydrogels are three-dimensional (3D) hydrophilic polymer network chemically or physically cross-linked that have the ability to absorb a large amount of water [10, 11] .
In the nanomaterial field, hybrid nanocomposites formed by polymeric matrix/inorganic nanoclay have a particular space, seeking the synergism of the individual components in the final product, which can extend its applicability [12, 13] . Natkanski et al. [13] studied the influence of hydrogel content in composite constituted by poly(acrylic acid)/montmorillonite on the Fe 3? adsorption capacity, as well as its thermal decomposition in various polymer/clay formulations. The authors concluded that first step of polymeric decomposition occurred around 190-367°C, which is very similar to results described by us.
However, these matrices are very little explored. In agriculture, there is much interest in such absorbent materials containing nanoclay to control the release of herbicides and fertilizers [14] . For instance, Wilpiszewska et al. [15] prepared nanocomposites based on carboxymethyl starch (CMS) and sodium montmorillonite (MMT) cross-linked with Al 3? for application in controlled release of isoproturon. The authors verified that the herbicide release rate from CMS/MMT nanocomposites in water was significantly reduced when compared to commercial isoproturon, concluding that these carrier vehicles could reduce the potential leaching of such herbicide and consequently the environment pollution. In other work, Rashidzadeh and Olad [7] studied the controlled release of NPK fertilizer from sodium alginate-gpoly(acrylic acid-co-acrylamide)/montmorillonite superabsorbent nanocomposites. The authors observed a decrease in the concentration of fertilizer released from such nanocomposites, which does not occur in our study.
In other work, Bortolin et al. [5] synthesized nanocomposite hydrogels composed of polyacrylamide (PAAm), methylcellulose (MC) and calcic montmorillonite (MMT) for application in controlled release of fertilizer. The technological potential of these nanocomposites was confirmed through sorption and desorption studies of a nitrogen fertilizer, urea (CO(NH 2 ) 2 ). It was found that the presence of the clay mineral in the hydrogel provoked a reduction in the total amount of urea released due to strong clay-urea interactions. Inverse trend was presented in our study, i.e., greatest release of fertilizer occurred in the presence of nanoclay, what can favor its future application. The study made by Wang et al. [16] described the oscillatory swelling behavior of poly(acrylic acid) and a-zirconium phosphate ion-exchange nanoparticles. The authors proved that the water uptake process is directly related to non-equilibrium group of reactions that oscillatory swelling behavior in these specific systems is controlled by influx of Na ? and OH -ions. Thus, the knowledge of this behavior can provide an application in controlled drug delivery systems without external stimuli such pH and temperature variation.
The objective of this study was to investigate the influence of the nanoclay Cloisite-Na ? on thermal properties of nanocomposites formed from poly(methacrylic acid) hydrogel and nanoclay with great applicability in agriculture. In addition, the morphological and chemical properties were investigated by SEM and EDS techniques, respectively. PMAA/Cloisite-Na 1 nanocomposites synthesis
Experimental
The poly(methacrylic acid)/Cloisite-Na ? (PMAA/Clay) nanocomposite hydrogels cross-linked by N,N 0 -methylenebisacrylamide-MBAAm (C final = 2% molar in relation to MAA monomer), were synthesized via free radical polymerization started by potassium persulfate (C final = 3.1 mmol L -1 ) as described by Junior et al. [17] . MAA concentration was fixed at 7.5% (m v -1 ), and nanoclay concentration was varied from 0 to 20 mass/%.
Scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDS)
The hydrogels, swollen in distilled water at room temperature until equilibrium stage, were quickly frozen in liquid nitrogen and freeze-dried at -55°C for 24 h in a lyophilizer model Enterprise II Terroni. Then, the freeze-dried hydrogels were coated with a thin gold layer, and the morphology and chemical microanalysis were observed by ZEISS EVO LS15 electronic microscope operating at 20 kV.
Thermogravimetric analysis (TG)
Approximately 8-10 mg was heated from room temperature to 800°C, at 10°C min -1 , with nitrogen gas flows of 40 and 60 mL min -1 in the balance and sample, respectively. A TA Instruments model TGA Q-500 was used in the experiments.
Differential scanning calorimetry (DSC)
The DSC analysis was carried out using a TA Instruments model DSC Q100. Approximately 3-5 mg of each dry sample was accurately weighed into closed aluminum pan and then heated at 10°C min -1 from -50 to 250°C using nitrogen flow of 60 mL min -1 .
Controlled release studies
In these studies, the potential of nanocomposite hydrogels in relation to release of monobasic potassium phosphate (KH 2 PO 4 ) was evaluated. For this, the hydrogels with 0 and 20% nanoclay were swollen in 100 mL of KH 2 PO 4 aqueous solution at 2000 ppm until equilibrium state (around 7 days). After this procedure, the hydrogels were transferred to a beaker containing 100 mL of distilled water, and the conductivity measurements were quantified by a digital CG 2000 GEHAKA conductivimeter, using a calibration curve.
Results and discussion
Scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDS)
SEM technique was employed to investigate the surface of nanoclay Cloisite-Na ? and internal morphologies of hydrogels and their nanocomposites, as shown in Fig. 1a . It was possible to see that the nanoclay had compacted and aggregate aspect and that regions were bulky with different sizes and formats [18] . In Fig. 1b , it was possible to observe that the PMAA/0-nanoclay hydrogel had a honeycomb-like porous structure homogeneously distributed on the whole surface. Pores with these characteristics provide the means of transport of water to interior or exterior of the matrix [19] .
Nanocomposites composed by PMAA/10 and 20-nanoclay presented similar structure, i.e., morphology highly porous with well-homogeneous distribution. The average porous size, calculated from an adaptation of ASTM E-112 norm, was dependent of nanoclay content in the solutionforming hydrogel. Pure hydrogel (or hydrogel without nanoclay) and PMAA/10 nanocomposite exhibited a pore average diameter values of 13.9 ± 0.3 and 14.4 ± 0.1 lm, respectively. Already, the nanocomposite prepared with highest nanoclay content presented the highest pore size, approximately 15.0 ± 0.3 lm. This trend confirmed the high-water absorption capacity of these nanocomposites previously described by our research group [17] . Moreover, Fig. 2b , c shows a slight roughness, mainly in nanocomposites with 20% Cloisite-Na ? , differently of pure hydrogel (Fig. 2a) , and still, nanoclay agglomeration points are highlighted by the red circle in Fig. 2d . Analysis of EDS (Fig. 1a'-d') shows that the elements belonging to nanoclay (Na, Mg, Al and Si) are present in the synthesized nanocomposites, confirming that, even after purification and freeze-drying process, the nanoclay is maintained in the nanocomposite structure, characterizing the formation of true nanocomposites.
Thermogravimetric analysis (TG)
According to the TG curve (Fig. 3) , the thermal decomposition of the Cloisite-Na ? occurs in two main events: the first one occurred before 100°C that is associated with the loss of water of hydration; the second one between 550 and 700°C, resulting from the dehydroxylation of the layers of nanoclay [20, 21] . For the PMAA/n-nanoclay systems, four main events were identified. An initial mass loss below 100°C is also related to the release of water or other volatiles. The second event at 200-297°C corresponds to the decarboxylation of the PMAA polymer, leading to the formation of six-member cyclic anhydride [22, 23] . The third event at 302-450°C is associated with the imidization of MBAAm chains and release of ammonia (NH 3 ), and the fourth event at 450-570°C is resulting in the complete degradation of the polymer (or pyrolysis) [24, 25] .
The increase in nanoclay provoked an increase in the initial temperature (T i ) of the second event, indicating an improvement in the thermal stability of the nanocomposites (Table 1) . Likely, the nanolayers act as barriers by increasing the thermal isolation (Scheme 1), minimizing the permeability of products of degradation in the material [26] . The decrease in the degradation rate (% min°C ) of the 2°event with increasing of nanoclay concentration in the matrix also proved the increase in the thermal stability. An increase in the residue (from 2% or 0.20 mg for the pure hydrogel to 13% or 1.08 mg for hydrogel with 20% nanoclay) after the end of thermal decomposition (Fig. 4) was also observed. This behavior was expected, whereas the nanoclay is very thermally stable presenting little mass loss in the investigated temperature. Similar trends using poly(acrylic acid)/montmorillonite hydrogels were observed by Natkanski et al. [13] .
Differential scanning calorimetry (DSC)
In all DSC curves was identified a first endothermic peak around 100°C attributed to the loss of bound water and possible volatiles associated with the hydrophilic groups of the polymer chain [27, 28] , as shown in Fig. 5 . The area of this peak, corresponding to the variation of enthalpy (DH) necessary to occur the phase transformation of the water (liquid to vapor state), decreased with the addition of (Table 2 ). This is a good indicator of incorporation of Cloisite-Na ? into hydrogel matrix as well as its strong interaction with the polymer, corroborating with the results presented in Fig. 2d . Probably, the metals into nanoclay structures act as a thermal catalyst, helping to evaporate the water molecules. In addition, as nanoclay is in interior or in wall of porous of the nanocomposites, there is now a competition with interaction points that before occupied by only water molecules. Thus, their presence reduced the amount of bond water (or first water) that are the water molecules interacting with hydrophilic groups of hydrogels (carboxylic and/or amide groups) and nanoclay (hydroxyl groups) [29] .
Additionally, the shift in second endothermic peak to high temperature confirmed the improvement in thermal properties of the nanocomposites, corroborating with TG results. T i of this thermal event was increased from 169 to 177°C when the nanoclay concentration was increased from 0 to 15 mass/%, being that event is probably related to the heat released to decarboxylation of the PMAA polymer. Similar behavior was reported by Natkanski et al. [13] in the poly(acrylic acid)/montmorillonite (MMT) composites. Finally, DSC analysis did not show the glass transition of the material. Figure 6 shows the KH 2 PO 4 release curves of the hydrogels containing 0 and 20% of nanoclay. The release kinetic curves indicated a first sharp fertilizer release. Likely, in this stage, the nutrient release was present on the surface of the hydrogel, i.e., weakly linked. After, the nutrient release becomes slower, and this remaining sustained until the end of the study. Moreover, even after the hydrogel without nanoclay be to reach the equilibrium (around 50 h), the hydrogel containing 20% nanoclay keeps releasing, achieving the equilibrium around 75 h. In addition, the amount of nutrient released from nanocomposite was around 70% higher than hydrogel matrix. That is, this value increased from 22 to 37.5 mg g -1 as observed in Fig. 6b . Due to its lamellar structure, the nanoclay is contributing to increasing the interaction between fertilizer and the matrix, slowing its release. After the sorption and desorption processes, the swelling degree of the nanocomposites was again calculated, as listed in Table 3 . The saline effect has a strong influence on the swelling degree at equilibrium stage (Q e ) of the hydrogels as discussed previously in our studies [16] . Here, the reduction in Q e after the adsorption process had the same tendency in water. In addition, there is an increase in Q e for both materials after the release of the nutrient when compared to the Q e values in pure water. Probably, the spaces before occupied by fertilizer molecules (higher than water molecules) are now occupied by the water molecules, increasing the water absorption.
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Conclusions
SEM micrographs confirmed that the basic structure of all nanocomposites was very similar. However, it was possible to visualize the change in the surface texture of the nanocomposites in relation to the pure matrix, indicating the incorporation of the nanoclay into the polymer matrix. Furthermore, the nanocomposite containing 20% nanoclay showed the largest pores size around 15.0 ± 0.3 lm. EDS analysis confirmed the presence of the nanoclay incorporated in the polymeric matrix, and an increase in the concentrations of ions belonging of nanoclay was observed with increasing of nanoclay amount in the nanocomposite forming-solution.
By TG technique, it was possible to confirm the thermal stability of Cloisite-Na ? pure and the increase in residue as increase in nanoclay into nanocomposites. Besides, an improvement in thermal stability of the nanocomposites caused by incorporating of nanoclay was observed, reducing around 30% of degradation rate. DSC technique showed a decrease in energy necessary to vaporize the water of hydration in the nanocomposites, indicating that the nanoclay acts as physical cross-linker. Also, an increase in initial temperature of thermal event related to decarboxylation of the PMAA polymer was observed, confirming an improvement in the thermal properties of the nanocomposites with the incorporation of nanoclay. Thermal and morphological characterization of highly porous nanocomposites… 2211
The controlled release investigation, even preliminary, showed a good potential of the nanocomposites for application as carrier vehicles for fertilizer controlled release systems, being that this potentiality needs to be further investigated. For instance, the capability of desorption of nanocomposites increased around 70% in relation to control matrix, reaching 37.5 mg of KH 2 PO 4 released per gram of nanocomposite.
